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ABSTRACT 
 
During their embryogenesis, marsupials develop a unique structure, the shoulder arch, which 
provides the structural and muscle-attachment support necessary for the newborn’s crawl to the teat.  One 
of the most pronounced and important aspects of the shoulder arch is an enlarged coracoid.  After 
marsupial newborns reach the teat, the shoulder arch is remodeled and the coracoid is reduced to a small 
process on the scapula.  Although an understanding of marsupial coracoid reduction has the potential to 
provide insights into both marsupial evolution and the origin of mammals, little is known about the 
morphological and cellular processes controlling this process.  To remedy this situation, this study 
examines the morphological and cellular mechanisms behind coracoid reduction in the gray short-tailed 
opossum, Monodelphis domestica. Furthermore, it explores the expression patterns and levels of target 
genes in a comparative study between Monodelphis domestica and Mus musculus. A quantitative 
morphometric study of shoulder girdle development reveals that the coracoid is reduced in size relative to 
other aspects of the shoulder girdle by growing at a slower rate.  Using a series of molecular assays for 
cell death, no evidence is found for programmed cell death playing a role in the reduction of coracoid size 
in marsupials.  Although it is likely the case that coracoid growth is reduced through a relatively lower 
rate of cellular proliferation, differences in proliferative rates in the coracoid and scapula were not great 
enough to be quantified using standard molecular assays. Gene expression results indicated a change in 
expression timing between the two species for Hoxc6, a gene associated with coracoid patterning. Pax1, 
an acromion associated gene, shows similar expression and timing between the two sister groups. Genes 
associated with scapular blade development were found to be expressed to a later stage in Monodelphis 
domestica compared to Mus musculus. These results indicate a correlation between Hoxc6 patterning and 
changes in coracoid morphology in the opossum.  
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INTRODUCTION 
Marsupalia and Placentalia are sister groups of living mammals. They originally diverged in the 
early Cretaceous and underwent parallel radiation in the Cenozoic (Fig. 1.1) [1]. They diverged from their 
common ancestor, Monotremata, in the Jurassic. Extant Monotremata include Ornithorhynchus anatinus, 
platypus, a mammal with many reptilian features, such as egg-laying and a sprawled stance. 
Marsupials and placentals are in much higher abundance than monotremes, and through a 
transition of many extinct mammaliaforms, have lost the reptilian characteristics likely present in their 
common ancestor. With no extant forms of transition, we are left with a sparse fossil record to understand 
of how this transition occurred. The sister groups’ parallel radiations led to  modern mammals that share 
characteristics in their body plans, sensory systems, and niche occupations [1] .  
Despite their similarities, one of the primary ways the two main groups of living mammals differ 
is in their reproductive modes. Marsupials give birth after relatively short gestation times to altricial 
newborns that must crawl from the birth canal to the teat to complete their development [2-4]. This 
forelimb-powered passage is strenuous and a source of strong selective pressure during the lifetime of the 
marsupial; those newborns that do not complete the crawl do not survive. Therefore, the ability to 
complete the crawl is a critical event in marsupial development.  
The marsupial neonate’s crawl is only completed through the modification of the shoulder girdle 
complex (SGC; Fig. 1.2a) into a transitory but extensive cartilaginous shoulder arch [5-7]. The shoulder 
arch results from the fusion of the following elements (from dorsolateral to ventromedial): the scapula, 
metacoracoid, and manubrium (Fig. 1.2a). The morphology of the embryonic marsupial shoulder girdle is 
similar to that present in the embryonic and adult monotremes [8]. After the marsupial neonate attaches to 
the teat, the shoulder arch reduces to form the adult shoulder girdle morphology common to both 
marsupials and placentals [5].  
The SGC element with the most obviously different form in juvenile and adult marsupials is the 
metacoracoid (the equivalent of the adult mammalian coracoid, and, therefore, hereafter referred to only 
as the coracoid) [9]. It extends from the anterior part of the glenoid cavity on the scapula to the sternum, 
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spanning between the clavicle and the first costal cartilage [6]. In some marsupials, the coracoid directly 
connects to the sternum (e.g., most Australasian forms), in others it does not (e.g., didelphids, peramelids, 
etc.) [6, 10, 11]. However, regardless of whether the coracoid does or does not connect to the sternum, it 
provides structural support and serves as a primary site for the attachment of muscles for the crawl [12]. 
Immediately before, or shortly after, parturition, the coracoid detaches from the sternum (if necessary) 
and begins to be reduced, until all that remains is a relatively small process on the scapula in the adult [10, 
11].  
In contrast to the marsupial, the embryonic and adult forms of the placental SGC have very 
similar morphologies; both have a reduced rudimentary coracoid, with a single articulation between the 
scapular blade and the sternum, via the clavicle [13]. Cell lineage mapping has shown that the SGC in 
Mus musculus has a dual neural-crest and mesoderm origin [14], which may indicate that independent 
modularity is possible in specific parts, such as the coracoid, and likely under different genetics controls.  
 Previous research has demonstrated that the formation of the transitory shoulder arch in 
marsupials has constrained the evolution of the group [7]. Furthermore, the developmental transition of 
the SGC in marsupials from the shoulder arch to the adult form mirrors the evolutionary transition in the 
SGC from ancestral basal synapsids to modern mammals (Fig. 1.2b) [9, 15, 16]. Similar to embryonic 
marsupials, basal synapsids possessed a large coracoid that was subsequently reduced to just a process on 
the scapula with the appearance of modern mammals [17]. The evolution of the mammalian shoulder 
girdle was an integral component of the transition from a sprawling to an upright stance during the origin 
of mammals and has, therefore, been linked to the evolution of many “mammalian” traits, such as 
increased activity, high metabolic rate, and endothermy [17, 18].  
Unfortunately, given the limitations of the fossil record, the developmental processes driving the 
evolutionary changes in SGC morphology during the transition from basal synapsids to modern mammals 
cannot be directly studied. As a result, the similar morphological transition during marsupial development 
has the potential to provide some insight into the developmental processes that might have played a role 
in this important evolutionary transition. Therefore, determining the mechanisms by which the shoulder 
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girdle of marsupials develops has the potential to shed light on how development has influenced not only 
marsupial evolution, but also the origin of mammals.  
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CHAPTER 1: REDUCTION OF THE CORACOID1 
1.1 Introduction  
Despite the potential importance of the marsupial coracoid to our understanding of marsupial 
development, marsupial evolution and the origin of mammals, its ontogenetic reduction has only been 
characterized superficially. The specific cellular and morphological mechanisms by which the large, 
embryonic coracoid of marsupials is reduced to form the adult morphology common to placentals and 
marsupials remain unknown.  
Over a 100 years ago, Broom [18] hypothesized that the reduction of the coracoid occurs via 
process of degeneration, which begins near the middle of the embryonic coracoid and progresses in each 
direction [10]. In doing so, it completely destroys the sternal half of the coracoid, but only incompletely 
destroys the scapular half, leaving the rudimentary coracoid process of the adult attached to the anterior 
side of the neck of the scapula. However, Broom’s hypothesis has neither been experimentally verified 
nor does Broom specify the cellular mechanism by which this “degeneration” occurs, although it is likely 
that he was referring to some form of programmed cell death. Further research by Sanchez-Villagra and 
Maier [11] nicely characterized the qualitative development of the Monodelphis domestica scapula with 
histological sections and three-dimensional (3D) reconstructions (Fig C),  but they did not perform any 
quantitative or cellular analyses of coracoid development.  
 To remedy this situation, the goal of this first study is to determine the cellular and morphological 
mechanism by which the marsupial coracoid is reduced during development. There are at least two 
different cellular mechanisms by which the marsupial coracoid could be reduced from its form at birth to 
its form in adults. The coracoid cells could undergo programmed (apoptotic) cell death, or they could 
simply not proliferate at a rate as high as the rest of the SGC. This study has two primary aims: 1) to 
quantitatively characterize the gross morphology of the coracoid of the gray short-tailed opossum 
(Monodelphis domestica) during its development and 2) to determine whether the relative reduction in                                                         1 This chapter is based on a previous publication: Hubler, M. et al. The developmental reduction of the 
marsupial coracoid: A case study in Monodelphis domestica. Journal of Morphology, 2010. 271(7): p. 769‐776. Permission was received to reprint the material.  
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size of the coracoid to the scapula is due to cellular apoptosis or reduced proliferation of the coracoid 
relative to the rest of the shoulder arch. By achieving these aims, this study has the potential to illuminate 
the developmental processes that have played a role in shaping marsupial biodiversity and regulating the 
evolutionary transition from “reptile” to mammal that occurred nearly 300 million years ago.  
 
1.2 Materials and Methods 
Specimen Collection for Morpholgical Analysis of Coracoid Growth 
Fourteen specimens of Monodelphis domestica (gray short-tailed opossum) from postnatal days (PND) 4 
to 26 were fixed and stored in 95% ethanol and subsequently cleared. Their skeletons were stained with 
alizarin red (which stains calcium) and alcian blue (which stains tissues rich in glycosaminoglycans and 
mucosasubstances), according to the procedure outlined in Kessel and Gruss [19]. This method allows for 
visualization of the developing skeleton. Embryos were staged according to criteria originally developed 
by McCrady [20] for Didelphis and modified by Mate et al. [21] for us in Monodelphis domestica. All 
research for this study was performed at the University of Illinois from January 2008 to March 2009, 
complied with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the 
University of Illinois (Protocol Number 07207) and adhered to the legal requirements regarding animal 
use in the United States of America.  
 
Morphological Measurement of Coracoid Growth 
 Four landmarks were used to quantify the maximum lengths of the coracoid and the scapula. The 
length of the scapula was measured from the distal-most tip of the scapula (Landmark 1) along the 
scapular midline (in line with the scapular spine) to the edge of the glenoid fossa (Landmark 2). 
Maximum scapular length was measured for the both the dorsal and ventral (e.g., inner and outer) sides of 
the scapula as well as for both sides of the body (e.g., the right and left scapulae), according to availability 
of tissues. Length of the coracoid was measured from the proximal-most tip of the coracoid (Landmark 3) 
to that approximated intersection of the coracoid with the angle of the scapular blade (Landmark 4). 
  6 
Landmarks were quantified using a Reflex microscope (ConsultantNet, Cambridge, UK), with 10 repeat 
measurements per specimen, Reflex microscopy allows for the quantification of landmarks in 3D and has 
reported accuracies down to 3 µm in the X and Y planes and 5 µm in the Z plane. For stages 31, 32, and 
33, scapular tissue was not condensed enough to allow reliable landmark observations from the cleared 
and stained specimens. Therefore, landmarks on specimens younger than PND 4 were derived from 
reconstructed shoulder girdles presented in Sanchez-Villagra and Maier [11] (Fig. 1.3). For all individual 
specimens, the repeats of scapula and coracoid length were averaged. Natural logs of these average 
lengths were calculated and used in all subsequent analyses.  
 
Analysis of Coracoid Growth 
Both the absolute growth of the coracoid and the relative growth of the coracoid to the scapula 
were characterized. The ratio of coracoid length divided by scapula length was calculated for all 
embryonic and neonatal stages examined, to characterize relative growth, and the resulting ratio was 
plotted against day of development. To assess patterns of absolute growth, length of the coracoid and 
scapula were plotted against ontogenetic age (i.e., post-fertilization day of development) (Fig. 1.4b). In a 
set of additional analyses, absolute length data were also divided intro three age groups: 1) pre-birth, 2) 
birth to 10 days postnatal, and 3) 12-26 days postnatal. These specific groups were selected to capture the 
changes occurring during the embryonic, early post-birth, and late post-birth phases of development. The 
slopes of coracoid and scapula growth as well as the ratio of the scapular slope to the coracoid slope (to 
allow examination of relative rates of absolute growth) were calculated for each of these stages, using a 
linear regression model (JMP 7.0.1; SAS Institute, Inc., 2007).  
 
Specimen Collection for Molecular Analysis of Coracoid Reduction 
Monodelphis domestica embryos from developmental Stage 32 (approximate embryonic day 
13.4) and Stage 33 (approximate embryonic day 13.75) were used to examine the cellular processes of 
apoptosis and cellular proliferation. Stage 31 (approximate embryonic day 12.2) was excluded because 
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the coracoidal cartilage is not condensed enough at this stage for visualization with our techniques. 
Embryos of these ages were selected based on their similarity to stages used by Broom [18] for 
identification of coracoid degeneration. Embryonic tissues were fixed in 4% paraformaldehyde (PFA) and 
stored in 100% methanol at -20°C. They were rehydrated through a methanol series and sunk in 30% 
sucrose at 4°C overnight. After equilibration in optimal cutting compound embedding media (OCT; 
Tissue-Tek), they were cryotome sectioned in a transverse plane at 10 µm (HM550, MICROM 
International GmbH, Waldorf, Germany). 
 
Tests for Apoptosis and Reduced Proliferation 
 Multiple techniques were used to characterize cell death and proliferation (see Table A for a 
summary).  A TUNEL staining kit was used to detect apoptotic activity in thin-section slides (S7110 
Millipore). TUNEL staining detects the single- and double-stranded deoxyribonucleic acid (DNA) breaks 
that occur at the early stages of apoptosis. Before using these methods on the shoulder girdle, positive 
control assays were performed on developing hand tissues (Fig. 1.5e).This was done to confirm that the 
probes, which were designed for use in placental mammals, are conserved enough to stain apoptotic cells 
in marsupials. Hand tissues were used for this purpose because the digits of the hands and feet of 
mammals are initially connected through webbing, which subsequently undergoes a high degree of 
apoptotic cell death. Hands of developing Monodelphis domestica of Stage 33 were cryosectioned and 
stained using antibodies for TUNEL. By using this method, the TUNEL staining detected apoptotic cells 
between the digits in the developing hand of Monodelphis domestica, validating the use of the probes in 
marsupials. Given the success of the control reactions, we used this method to assay for cell death on our 
Stage 32 and 33 cryotome sections. The TUNEL assay, from the Millipore kit, was applied to two 
sections from three individuals for each stage (see Table 1.1 for details). Sections were fixed with PFA in 
phosphate buffered saline (PBS) and in ethanol acetic acid. After equilibration, TdT enzyme was applied 
at 37°C. This enzyme was excluded from negative controls. The reaction was stopped after an hour and 
antidigoxigenin conjugate was applied. The sections were counterstained with 4’6-diamidino-2-
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phenylindole (DAPI) and mounted with coverslips. This protocol was followed according to the 
recommendations of the manufacturer of the TUNEL kit. Antibodies were visualized using a standard 
fluorescent microscope, and photographs of the resulting sections were taken at 40x and 100x, with an 
exposure of 4-5s.  
 Two immunohistochemical assays (Table 1.1) were performed to detect cells undergoing 
proliferation, using antibodies against phospho-histone H3 (Ser 10; Cell signaling Technology, 9701) and 
BrdU (using the 5-Bromo-2’-deoxy-uridine Labeling and Detection Kit 1; Roche #11 296 736 001). 
Phospho-histone H3 detects Ser12 phosphorylated histone H3s, during the M-phase of mitotic cell 
proliferation. The primary antibody was applied and allowed to bind overnight in a humidified chamber at 
4°C. Slides were then washed with blocking buffer and incubated with fluorescent Alexia Fluor 488 goat 
antirabbit antibody (Invitrogen A31627) to allow visualization of the primary antibody and counterstained 
with fluorescent TO-PRO-3 (TO-PRO-3 iodide, Invitrogen T3605) at a 1:1,000 dilution. To quantify 
relative levels of cellular proliferation, the number of proliferating cells in the coracoid and the scapula 
were counted in ImageJ 1.52 (Available at http://rsbweb.nih.giv/ij; NIH), using a grid system. To correct 
for the differing sizes of the coracoid and scapula, the number of proliferating cells for each element on a 
section was then divided by the size of the element, as determined by the number of grid squares it 
occupied. These data were obtained for at least two sections for each of three individuals for Stage 32 and 
three individuals for Stage 33.  The relative number of proliferating cells in the coracoid and scapula were 
compared statistically using a nonparametric Mann-Whitney U-test in JMP 7.0.1 (SAS Institute, 2007). In 
BrdU staining, BrdU is injected into pregnant females and is incorporated into the newly synthesized 
DNA of replicating cells in embryos by substituting for thymidine during DNA replication. As a result, 
BrdU has the potential to label all cells that proliferate over a period of time, rather than just during one 
developmental snapshot, as is the case for phospho-histone H3. All assays and negative controls were 
performed on frozen shoulder girdle sections from Stages 32 and 33 (two sections for three individuals).  
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1.3 Results 
Characterization of Coracoid Growth 
The ratio of coracoid to scapula length has a negative slope through development (Fig. 1.4a), 
indicating that, as scapula length increases, relative coracoid length tends to decrease. In the earliest stage 
examined, Stage 31, the ratio of the length of the coracoid to scapula is 53%, meaning that early in its 
development the coracoid is roughly half the size of the scapula. This ratio decreases sharply to 37% by 
birth and gradually levels off to around 15% by Stage 26.  
 Comparing the absolute growth of the coracoid and scapula provide insights into the underlying 
causes of the differences in relative growth detailed above. When both absolute coracoid and scapula 
length are plotted ontogenetic age (in days), the scapula slope is significantly greater than that of the 
coracoid (scapula slope = 0.073; coracoid slope = 0.023, P<0.05), over the entire span of development 
examined, indicating that during this time the scapula is growing at a faster rate than the coracoid (Fig. 
1.4b). Also, the size of the coracoid appears almost constant before birth, indicating that its rate of growth 
is very low during this time.  
Taken together, these observations suggest that the changes observed in the relative size of the 
coracoid to the scapula are due to two factors: 1) pre-birth, the rapid decrease in the relative size of the 
coracoid in comparison with the scapula during this time period is likely due to a combination of nearly 
no growth in the coracoid and a high rate of growth in the scapula; 2) post-birth, the more gradual 
decrease in relative size of the coracoid to the scapula during this time period is likely due to a lower rate 
of growth in the coracoid relative to the scapula. To test these hypotheses quantitatively, absolute data 
were divided into three age groups and the relative rates of growth for the coracoid and scapula were 
calculated (as the slope of element length by developmental day) and compared for each group (Table 
1.3). From Stage 31 to birth (the embryonic stage), the slope of coracoid length is close to zero, 
supporting the assertion that the size of the coracoid remains virtually unchanged at pre-birth. In contrast, 
the slope of scapula length is at its highest (0.225), indicating that the scapula is growing at its fastest rate 
during this phase of development. Therefore, there is a factor of 54 difference between the growth rates of 
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the scapula and coracoid pre-birth, which results in the apparent rapid decline in relative coracoid size 
demonstrated in Figure 1.4a. From birth to 10 days, coracoid slope increases to 0.019, whereas the 
scapula slope decreases to 0.048. Even though the rate of growth of the scapula has slowed, and that of 
the coracoid has increased, the scapula is still growing at a rate ~2.6 times that of the coracoid during this 
developmental period. From 12 to 26 days post-birth, the slope of the coracoid increases slightly to 0.025, 
whereas the slope of the scapula stays about the same, at 0.049.  
Therefore, the rate of growth of the scapula is still greater than that of the coracoid (~2 times 
greater), even at the latest developmental stages examined. During this developmental period, the relative 
rates of scapula and coracoid growth appear to be leveling off. Taken together, these results support the 
hypothesis that the relative size of the coracoid to the scapula decreases through development as a result 
of the coracoid having a lower rate of growth than the scapula.  
 
Testing for Apoptosis or Reduced Proliferation 
No apoptotic activity was observed in the coracoid region of any of the individuals examined from 
Stage 32 or 33 (Figure 1.5a,b). The results support the hypothesis that programmed cell death is not 
responsible for the decrease in the size of the coracoid relative to the scapula through ontogeny 
documented by previous qualitative observation and the quantitative results of this study. Furthermore, 
quantification of proliferation revealed no significant difference in cellular proliferation between the 
coracoid and scapula in either Stage 32 (P = 0.025) or Stage 33 (P = 0.77) (Fig. 1.5c,d).  
In an attempt to resolve this issue and additional, potentially more sensitive, method of detecting 
proliferating cells was attempted in marsupials, specifically BrdU staining. However, although this 
technique worked well in control mice, no signal was detected in developing marsupial tissues (data not 
shown). This was not a negative result because the failure of this technique in marsupials is likely the 
result of the relatively limited nutrient exchange between mother and embryo that characterizes the group. 
Unfortunately, the failure of the BrdU staining means that existing methods to detect cell proliferation are 
insufficiently sensitive to detect the potentially subtle differences in cellular proliferation that characterize 
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coracoid and scapula development in marsupials. As more sensitive methods are developed for detecting 
proliferating cells, they should be used to examine the relative rate of cellular proliferation in the 
developing coracoid and scapula of marsupials.  
 
1.4 Discussion 
 This study confirmed the qualitative observations of previous studies [6, 11, 18, 22-24], that when 
the marsupial coracoid first develops it is much larger relative to the scapula than in adults. Furthermore, 
by taking a quantitative approach, this study was able to go beyond pervious studies and identify the 
process by which this change in relative size is achieved. Specifically, this study demonstrated that the 
marsupial coracoid grows at a significantly slower rate than the scapula, particularly before birth when the 
size of the coracoid remains virtually unchanged. There was no evidence that programmed cellular death 
contributes to this process, contrary to the hypothesis proposed by Broom [18].   
Although the coracoid’s relatively slower rate of growth is likely the result of a reduced rate of 
cellular proliferation, any differences in proliferation rates between the coracoid and scapula were 
unfortunately no sufficiently pronounced to be detectable using currently available molecular assays. This 
result can be attributed to one of two possibilities: 1) The slower rate of growth of the coracoid is not due 
to reduced cellular proliferation relative to the scapula, or, that 2) the relative difference in proliferative 
rate between the coracoid and the remainder of the scapular tissue is too subtle to be detected by these 
assays. We consider the second possibility more likely because the entire developing shoulder girdle has a 
relatively slow rate of cell proliferation and growth, and, therefore, at any given moment in development 
only a slightly greater rate of cell proliferation in the scapula than in the coracoid, on the order of a couple 
cells, could hypothetically result in the observed differences in growth between these elements.  
 Extrapolating from these results, it is possible to make some inferences about the role of coracoid 
development in the previously identified constraints on marsupial evolution as a result of the functional 
requirements of the crawl to the teat [7]. As the quantitative results of this study indicate, the marsupial 
coracoid remains virtually unchanged in size from the time it first condenses to birth, presumably as a 
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result of the functional requirements of the crawl on the morphology of the SGC. As such, this finding is 
consistent with the hypothesis that the functional requirements placed upon the SGC of the newborn 
marsupial constrain its developmental flexibility. This potentially has important implications for the 
evolution of the marsupial coracoid and SGC, as natural selection acts upon existing developmental 
variation, and in the case of at least the coracoid in pre-birth marsupials, there is very little or no variation 
to act upon. As a result, low levels of developmental variation would be expected to result in low levels of 
morphologic evolution. Therefore, this study documents a potential mechanism, namely reduced 
developmental variation, for the previously identified marsupial constraint.  
 The results of this study also allow for the formation of hypotheses concerning the evolutionary 
reduction of the coracoid during the “reptile” to mammal transition. This study determined that a slower 
rate of coracoid growth relative to the adjacent scapular tissue results in the reduction of the coracoid 
during marsupial development, and it is possible that a similar mechanism, even though over evolutionary 
time instead of developmental time, was responsible for the evolutionary reduction of the coracoid during 
the origin of mammals. However, it should be noted that some researchers have questioned whether the 
changes observed during marsupial development actually represent a recapitulation of their evolutionary 
history. These changes instead could reflect the convergence by marsupials on a “reptilian-like” SGC at 
birth as a response to the selective pressures of the crawl to the teat [25-27]. In either case, it is possible 
that both the developmental reduction of the coracoid in marsupials and the evolutionary reduction of the 
coracoid during the origin of mammals were achieved via the same developmental mechanism, namely a 
reduction in the relative rate of coracoid growth.  
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1.5 Figures 
 
 
 
 
Figure 1.1. Mammalian macroevolution adapted from Luo, 2007. Note the divergence of the three major extant 
mammalian groups, initially in the early Jurassic and then the parallel radiations in the Cretaceous.  
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Figure 1.2. Evolutionary and developmental changes in the SGC. (a) Developmental changes in the SGC during 
marsupial ontogeny, highlighting the formation and reduction of the shoulder arch. Pink, metacoracoid; Green, 
scapula. (b) Evolutionary changes in the SGC during the transition from “mammal-like reptiles” to modern 
mammals. Scp, scapula (green); Pro, procoracoid (blue); Met, metacoracoid (pink); Crp, coracoid process (pink); 
Acr, acromion (green). Inset illustrates the developmental transition in the SGC in marsupials, with skeletal 
elements in the same colors. Adapted from Klinma 1987; Vickaryous and Hall 2006. 
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Figure 1.3. Reconstructed scapula and coracoid for Stages 31 (a), 32 (b), and 33 (c). CP, coracoid; S, scapula. 
Adapted from Sanchez-Villagra and Maier, 2003 [11].  
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Figure 1.4. Relative and absolute growth of the coracoid and scapula during development in Monodelphis 
domestica. (a) Ratio of coracoid length to scapula length (ln-transformed) in Monodelphis domestica relative to day 
of development (where 0 = birth). (b) Absolute length (ln-transformed) of the coracoid and scapula relative to day 
of development. 
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Figure 1.5. Histological sections of Monodelphis domestica with the coracoid (C), scapula (S), and humeral head 
(H) identified. (a) Stage 32, x100 and (b) Stage 33, x100. A and B show cell death (TUNEL) in green, with 
background staining (DAPI) in blue. We observed no cells undergoing cell death in the developing marsupial 
coracoid for either Stage 32 or 33. (c) Stage 32, x40 and (d) Stage 33, x40. C and D show cell proliferation 
(phospho-histone H3) in green, with background staining (TO-PRO-3) in red. The developing coracoid and scapula 
exhibit statistically indistinguishable numbers of proliferating cells in Stages 32 and 33. (e) Positive control for cell 
death (TUNEL) in green in the developing marsupial hand. As expected, cell death is observed in the regressing 
interdigital tissues (indicated by the white arrow), confirming that TUNEL can detect cells undergoing apoptotic 
death in Monodelphis domestica.  
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1.6 Tables 
 
Antibody/Method Dilutions Source 
Apoptosis 
Anti-active Caspase 3 antibody 1:300 Promega G748 
TUNEL N/A Roche 11-684-809-910 
Proliferation 
Phospho-histone H3 (Ser10) antibody 1:100 Cell Signaling Technology 9701 
Ki67 monoclonal antibody 1:100 Vector Laboratories VP-RM04 
BrdU Staining N/A Roche 11-296-736-001 
Secondary antibody 
Alexa Fluor 488 goat anti-rabbit antibody 1:2000 Invitrogen A31627 
Counterstain 
TO-PRO-3 Iodide 1:2000 Invitrogen T3605 
 
Table 1.1. Adapted from Hubler, et al. 2010 [28]. Summary of assays for cellular proliferation and death. Working 
dilutions are shown for antibodies only.  
 
PND n 
scapula 
length 
(mm) 
natural log 
(scapula) 
coracoid 
length 
(mm) 
natural log 
(coracoid) 
coracoid(mm) 
scapula (mm) 
natural log 
(coracoid/ 
scapula 
26 2 5.004 1.610 0.790 -0.236 0.158 -1.846 
24 1 5.281 1.664 0.529 -0.636 0.100 -2.300 
20 1 4.002 1.387 0.489 -0.715 0.122 -2.102 
17 3 2.408 0.879 0.526 -0.642 0.218 -1.521 
14 1 3.483 1.248 0.375 -0.982 0.108 -2.230 
12 2 2.662 0.979 0.587 -0.533 0.221 -1.512 
10 1 2.117 0.750 0.426 -0.852 0.201 -.602 
8 1 2.051 0.718 0.428 -0.849 0.209 -1.567 
4 2 1.606 0.474 0.385 -0.956 0.239 -1.429 
0 1 0.902 -0.103 0.338 -1.085 0.375 -0.982 
-0.75 1 0.787 -0.239 0.338 -1.085 0.429 -0.845 
-2.3 1 0.541 -0.614 0.335 -1.094 0.619 -0.480 
 
Table 1.2. Adapted from Hubler et al. 2010 [28]. Quantitative data for the shoulder girdle of Monodelphis 
domestica. Data from specimens younger than post-natal day (PND) 4 were derived from reconstructed shoulder 
girdles presented in Sanchez-Villagra and Meier (2003). Data from specimens older than PND 4 were collected 
directly from cleared and stained specimens. Negative PND values indicate embryonic specimens. 
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Ontogenetic Age Slope Coracoid Slope Scapula Rate Ratio (scapula/ coracoid) 
Pre-birth 0.004 0.225 53.929 
Birth to Ten Days 0.019 0.048 2.592 
12 to 26 Days 0.025 0.049 1.980 
 
Table 1.3. Adapted from Hubler et al. 2010 [28]. Slopes of absolute size of coracoid and scapula against 
ontogenetic age (in days) in Monodelphis domestica split into three general age categories. 
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CHAPTER 2: MAINTENANCE OF THE CORACOID 
2.1 Introduction  
A reduced adult coracoid can be viewed as a shared derived trait between marsupials and 
eutherians, which has undergone distinct morphological divergences, possibly driven by development. 
This motivates us to understand what SGC-patterning genes may have been participants in the divergence 
in developmental morphologies. Unfortunately, relatively little is know about gene networks involved in 
patterning the shoulder. Comparing marsupial to placental SGC gene expression may actually serve as a 
“natural mutant” system that can elucidate the roles of genes involved in pattering the coracoid and its 
surrounding structures.  
 Previous research has suggested that the shoulder girdle is effectively just a proximal portion of 
the limb, but mutations in common limb development genes indicate otherwise. Mutations to the 
appendicular skeleton, by application of retinoic acid, result in a duplication of limbs, along with 
associated girdle [29]. Inhibition of RA production, in contrast, results in the loss of the forelimb but not 
the shoulder girdle [30]. Continued proximal-distal outgrowth of the forelimb bud is primarily stimulated 
by the apical ectodermal ridge (AER), an ectodermal thickening on the edge of the limb bud that 
characteristically produces FGFs [31]. Without the AER, the limb is proximally truncated relative to the 
stage of development of its removal. AER removal, even at the earliest stages, still does not result in 
malformations of the shoulder girdle [32]. Furthermore, when AER formation is lacking in the limbless 
mutation in chicks, the limb is mutated or lacking, but the shoulder girdle maintains its wild type 
morphology [33]. Dorsal-ventral patterning of the forelimb is driven by Wnt7a expression from the dorsal 
ectoderm [34]. The third axis is patterned mainly by a Sonic hedgehog (Shh) signal from the Zone of 
Polarizing Activity (ZPA) in the proximal posterior border of the forelimb [35]. When Shh is 
misexpressed, specifically in chondrocytes of mice, it alters the formation of the forelimb and its joints, 
but not the scapula or coracoid [36]. Also, the Shh homozygous mutant in mouse maintains its wild type 
scapula [37]. As evident from these experiments, scapular development does not have major patterning 
genes in common with forelimb patterning.  
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The SGC must then be approached as its own unique structure, adjacent to the limb, but likely 
genetically distinct. Cell lineage mapping has shown that the shoulder region is an interface between 
neural crest and mesodermal derived structures [14]. It is still disputed whether these boundaries are 
determined by muscle attachment regions, rather than by ossification modes [14]. But, results indicate an 
inherent connection between the bone and muscle development in the shoulder region. Genes associated 
with either mesodermal or neural crest derived cells can independently lead to malformation of different 
regions of the scapula. For example, Pax1 [38] homozygous knockouts lack endochondral bone 
structures, such as the acromion. Emx2 mouse mutants lack the mesodermal scapular blade, but the other 
endochondral structures remain intact [39]. Alterations in the expression of Hoxc6 in the chick limb have 
been associated with mutations in the coracoid [40]. Patterning of the rest of the scapular blade is only 
recognized by a handful of genes thus far, and interactions between these target genes are 
underdeveloped. 
To remedy this situation, the goal of this second study is to shed light on the genetic mechanism 
by which the marsupial coracoid is maintained during development. The study has two main aims: 1) To 
compare expression patterns of scapular patterning genes (Hoxc6, Pax1, Emx2, and Alx4) between 
Monodelphis domestica and Mus musculus and, 2) To quantitatively compare the level of scapular 
patterning genes (Hoxc6, Pax1, Emx2, and Alx4) between the two species.   
 
Coracoid Related Genes 
Hoxc6 was first linked to coracoid development in experiments exploring antero-posterior limb 
bud axis patterning in chick [40]. Local application of retinoic acid (RA) was found to mimic the effect of 
the ZPA in the chick. Application of RA to the anterior limb bud or transplantation of the ZPA resulted in 
a cell autonomous increase in expression of XIHBox I in the chick (the Hoxc6 homolog). The chicks were 
also born with malformed or duplicated coracoids (Fig. 2.1), a structure that is homologous between the 
avian and mammalian shoulder [9]. Hoxc6 is expressed in the proximal-anterior region of the forelimb 
bud in mice (Fig. 2.2I) [41-43] and in Monodelphis domestica [44]. Pellegrini et al. [45] also did 
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histological sections with Hoxc6 in situ hybridizations showing expression in the presumptive gleno-
humeral joint (Fig. 2.2II&III). Homozygous Hoxc6 mouse mutants displayed a thoracic vertebrae 
transformation T2 to T1, although no direct phenotypic changes were indicated in the shoulder girdle 
[46]. Keyte and Smith [44] have demonstrated a rostral shift in Hoxc6 expression between mouse and 
opossum so that the boundary of Hoxc6 is shifted away from the cervical-thoracic transition (Fig. 2.3). 
 
Acromion Related Genes 
The acromion is the neighboring structure to the coracoid and has a similar endochondral origin. 
It is natural to ask then, if Hoxc6 is shown to be different between the two mammalian groups, is Pax1?  
Like Hoxc6, Pax1 is found to be expressed in the anterior proximal limb bud (Fig. 2.4C) [45, 47] and the 
homozygous knockouts in mice results in complete loss of the acromion and the associated scapular spine 
(Fig. 2.5) [48].  
The acromion does not have the large differences in growth between the opossum and mouse, so 
we hypothesize that its expression pattern should be equivalent between the two groups.  Similar 
expression of Pax1 would emphasize any differences in Hoxc6 expression between the groups, enhancing 
the correlation between Hoxc6 and the enlarged coracoid.  
 
Scapular Blade Target Genes 
 Emx2 and Alx4 (along with other aristaless-like genes, Tbx15 and Gli3) are part of two separate 
pathways governing the development of the shoulder blade. Emx2 shares genetic structural similarities 
with Hox proteins, has overlapping functions with other Pbx genes, and it has been shown to interact with 
Pbx1 [49]. Emx2 is a homeobox containing gene that is expressed in the dorsal part of the developing 
limb (Fig. 2.4) [49, 50]. In the chick, Emx2 expression precedes Sox9 (a chondrogenic marker), indicating 
that it may induce the development of the scapula, but it is not expressed in the scapular dermomyotome 
precursors [49]. Overexpression of Emx2 in chick does not lead to ectopic blade formation [49]. Overall, 
it has been shown in chick that Emx2 is necessary but not sufficient to form the shoulder blade [49]. 
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Therefore, it has been suggested to be involved in positional identity, and its interactions with cofactors 
lead to scapular identification. These co-factors have yet to be identified. The Emx2 knockout mutant 
loses its scapular blade [39], but displays unchanged expression of Hoxc6 (Fig. 2.6) [39]. 
Alx4 is an aristraless-like gene that is expressed in two overlapping regions of the developing 
limb which are Gli3-dependent and independent, revealed by homozygous Gli3 knockouts (Fig. 2.7) [50]. 
The more distal region has been shown to be involved in the repression of posterior-specific genes, such 
as Shh. The proximal expression of Alx4 is involved in autopod development [50]. In the shoulder girdle, 
Alx4 (Fig. 2.8G homozygous mutant) functions redundantly with Alx1 (Fig. 2.8H homozygous mutant), as 
their double mutation (Fig. 2.8I) results in a shortened acromion and an absent blade rostral to the spine 
[50]. 
Expression of these scapular blade genes is expected to either be consistent between opossum and 
mouse or to have enhanced (either larger area or earlier/later expression) in the opossum. This hypothesis 
is based on results by Keyte and Smith [44], which demonstrated that limb development genes are 
generally expressed at earlier stages in overall embryonic development (Fig. 2.9). 
 
  24 
2.2 Materials and Methods 
Specimen Collection 
Opossum embryos from stages 27 through 31 were collected from a breeding colony of 
Monodelphis domestica at the University of Illinois in Urbana-Champaign. Husbandry, breeding, and 
collection were based on protocols by Keyte and Smith, 2009. Stages were determined from a 
Monodelphis domestica staging guide [20, 21]. Mus musculus (ICR, Taconic Farms, Inc.©) were collected 
from a breeding colony. Embryos from both species were collected and fixed in 4% paraformaldehyde 
(PFA) overnight. They were then transferred and stored at 4°C in 100% methanol. For both Mondelphis 
and Mus, limbs development was compared through limb stages as described by Wanek et. al. [51].  All 
research for this study was performed at the University of Illinois from August 2009 – April 2011, 
complied with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the 
University of Illinois (Protocol Number 10154) and adhered to the legal requirements regarding animal 
use in the United States of America.  
 
Probe production 
RNA was extracted from freshly dissected stage 28 Monodelphis domestica embryo forelimbs 
and day 10.5 Mus musculus embryo forelimbs. Primers (Table 2.1) for PCR amplification were designed 
with Primer Express version 2.0 with either the Monodelphis domestica or Mus musculus transcripts 
available from Ensembl (www.ensembl.org). Gene fragments were produced by PCR and then cloned, 
amplified, and transcribed in the presence of DIG (DIG RNA labeling, Roche #11277073910). Cloned 
plasmids were sequenced to confirm insertion of the gene fragment. After the fragment was extracted by 
appropriate restriction digests, DIG-labeled RNA probes were stored at -80°C.  
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In situ hybridization 
Monodelphis domestica in situ hybridizations were completed as described in Keyte and Smith 
[44]. Mus musculus in situ hybridizations were completed with embryos from stages 27 through 31, 
following the protocol as described by Wilkinson [52]. Expression was visualized with BM Purple AP 
Substrate (Roche 11442074001) and embryos were photographed in liquid and with a dome light.  
 
Quantitative PCR 
RNA was extracted from thoracic portions of Monodelphis domestica and Mus musculus embryos 
at stage 28, and day 10.5, respectively. RNA was prepared with the PerfectPureTM RNA Cell & Tissue kit 
(5Prime #2302400). Reverse transcription was completed with random hexamers and SuperScriptTM III 
Reverse Transcriptase (Invitrogen #18080-093). Negative controls were completed without transcriptase 
and showed no amplification in a 55 cycle standard PCR tested with a known functional forelimb primer.  
Primers (Table 2.2) were designed for quantitative PCR with Primer Express version 2.0 on the RT-PCR 
setting. Each of the three samples of cDNA from the two species was tested in triplicate with a standard 
curve (0x, 0.001x, 0.01x, 0.1x, 1x) of the respective cDNA. 18S was used as a control gene in both 
species. Quantitative PCR was run with SYBR Green Master Mix (Roche #04913850001) at 1x, with 2ul 
of 10ng/ul primer mix and 3ul of cDNA. Gene expression levels were derived from the respective 
standard curve with a manual threshold for the linear range set at 0.2. Averages were taken of replicates 
and the three sets of cDNA for each species.  
 
2.3 Results 
RNA expression 
In situ hybridization results for Hoxc6, Pax1, Emx2, and Alx4 are depicted in Figure 2.10 and 
Figure 2.11. Hoxc6 is expressed at all limb stages depicted in Monodelphis, whereas, expression is not 
seen in limb stage 1 or stage 8 in Mus (Fig. 2.10). Pax1 expression is seen at all stages for both species 
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(Fig. 2.10). Emx2 and Alx4 are expressed at all stages in Monodelphis but are not observed at limb stage 8 
in Mus (Fig. 2.11).  
 
Quantitative PCR 
The expression level of each gene is shown relative to the control gene, 18S (Fig. 2.12). These 
results show that at limb stage 3 (Mus E10.5, Monodelphis day 28), all the genes show higher levels of 
expression in Monodelphis domestica, relative to Mus musculus. A non-parametric Kruskal-Wallis test 
was applied to the results (p ≤ 0.05). Hoxc6 was found to be expressed at 1.87x higher levels in 
Monodelphis (p = 0.0495) and Pax1 at 0.64x higher in Monodelphis, but not at a significant level (p = 
0.275). Alx4 is expressed at 1.85x higher in Monodelphis (p = 0.275), and Emx2 at 19x higher (p = 
0.0495).  
 
2.4 Discussion 
Maintenance of the coracoid in the Monodelphis domestica embryo may occur either through a 
signal that enhances cartilage proliferation or a signal that prevents early ossification. Inhibition of 
apoptosis is an unlikely method because no evidence of apoptosis was observed in the entire shoulder 
girdle near birth [28]. Enhancing cartilage proliferation would likely occur through a signal at an earlier 
stage in shoulder development, whereas, ossification prevention would occur later. As the target gene for 
coracoid development, Hoxc6 expression was found to occur at both earlier and later stages in 
Monodelphis compared to Mus, indicating that both mechanisms of coracoid maintenance may be 
occurring.   
Pax1 has been strongly correlated with the development of the acromion and the scapular spine 
[45, 47, 48]. It has similar expression over ontogeny of both species, likely reflecting the similarity in 
structure of the acromion between both. This strongly contrasts the large morphological differences seen 
in the coracoid and the concurrent differences in Hoxc6 expression. Both the coracoid and the acromion 
have a neural crest origin and are fused parts of the head of the scapula [14]. If similar expression patterns 
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had been observed for Pax1 and Hoxc6, it would have been an indication of an overall greater expression 
of genes involved with scapular head formation. The differences seen between the two genes may be an 
indication of a specific relationship between Hoxc6 and the coracoid. 
The shift in ontogenetic expression and of shoulder blade related genes, Emx2 and Alx4 showed 
an extension of expression to a later ontogenetic stage in Monodelphis domestica. Previous findings had 
shown earlier expression of limb patterning genes in Monodelphis domestica [44]. Later expression, as 
observed here, may be necessary to lead to earlier ossification of the scapula or just maintenance of its 
growth rate.   
Quantitatively, Hoxc6 and Emx2 are expressed at higher levels in the opossum compared to the 
mouse at limb stage 3. This indicates that even at a stage when they are both expressing these genes, the 
opossum expresses them at a higher level.  
 The results of this study have indicated that Hoxc6, a coracoid patterning candidate gene, does 
show differential expression between the marsupial and placental mammal, which is not seen in the 
acromion counter-part, Pax1. Furthermore, changes in scapular blade genes (Emx2, Alx4) are also 
observed. These results, and the quantitatively higher level of expression of all the genes in Monodelphis 
domestica may be related with the high functionality of the neonate SGC of the marsupial – the vital 
structure that determines its ability to contact the teat and complete its development. Rigid ontogenetic 
requirements, such as timing of patterning gene expression observed here, are genetic candidates for 
developmental restriction that leads to the evolutionary restriction observed in marsupials [7].  
Future steps on this project would be to compare the rate of ossification of the Monodelphis 
scapular regions with Mus, specifically in relation to the timing of expression. Further steps would also 
include functional analysis that validates the correlations observed between Hoxc6 and the coracoid.  
This study also lends itself to research in downstream targets of Hoxc6 and additional players in 
shoulder blade development. Little is known about downstream genes of Hoxc6, but the Sfrp family of 
genes, Wnt family antagonists, are activated by Hoxc6 in prostate carcinoma tissue [53]. Interestingly, 
Wnt4 is known to repress chondrocyte formation adjacent to articular tissue in chick [54-56]. It would be 
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of interest to investigate if Hoxc6 is up-regulated in the developing coracoid of the opossum, antagonizing 
Wnt4 and allowing for higher gleno-humeral joint chondrogenesis via Sfrp3. Myf5/6 has also been shown 
to be modulated by the Hox6 group during cervical and thoracic rib formation [57]. The myogenic nature 
of Myf5/6 traces back to the intrinsic role of muscle formation in scapula development and leads to the 
hypothesis that Hoxc6 may be altering Myf5 expression, as demonstrated by changes in Pdgfa, a 
downstream target of Myf5 [57].  
Other genes are involved in shoulder development, either via redundant of parallel mechanisms of 
the genes in this study. Double knock-outs of Pbx1 and Emx2 in mice have shown an interactions between 
the two gene products and are likely upstream or parallel with of a blade patterning gene pathway 
involving Alx1 [39]. Furthermore, homozygous and heterozygous mutants of Pbx1 have expanded 
expression patterning of Hoxc6 (Fig. 2.13II), lengthening of the coracoid and glenohumeral fusion (Fig. 
2.13I) [39]. These make Pbx1 a strong candidate for further analysis. 
Tbx15 (Fig. 2.14II) [50] and Gli3 (Fig. 2.14I) [58] are expressed in the anterior-proximal limb are 
thought to be involved in scapular blade patterning with Alx4. Both Gli3 and Tbx15 homozygous 
mutations result in holes in the scapula [47]. Their double knockout results in even stronger mutations of 
the scapula, indicating synergy [47]. Tbx15 mutations are shoulder girdle specific, whereas, Alx4/Alx1 
double mutants have a reduced pelvic bone as well. Triple mutations of Alx4, Alx1, and Tbx15 result in 
severe dosage-dependent mutations, most extremely, with only the acromion and infraspinatous fossa 
present. This demonstrates cooperative pathways between Tbx15 and Alx4/Alx1. Emx2 expression was not 
affected by these mutations, indicating that is either upstream or in a parallel scapular-patterning pathway. 
Tbx15 and Gli3 mutants also demonstrated a marked reduction in Pax1 expression, indicating either an 
upstream relationship to Pax1 or changes in patterning. The major gene players in the scapula have been 
summarized in Figure 2.15, and lend themselves to further analyses of these relationships in marsupials 
versus placentals.  
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2.5 Figures 
 
 
 
 
Figure 2.1. Phenotypic skeletal alterations of the chick shoulder girdle. (A) ZPA transplanted to an anterior bud at 
stage 18 and further 6 days of development.. Note shortened coracoid (arrow). (B) Wing with a implanted bead 
expressing 0.1mg/ml RA at stage 18. Note shortened and duplicated coracoid (arrow) or fused coracoid (C). A 
higher dose 10mg/ml in the bead shows further shoulder malformation with a broad coracoid (D).  
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Figure 2.2. (I) RNA probe in situ hybridization showing Hoxc6 expression in a stage 12 Mus musculus. Note 
expression in the anterior-proximal limb region. Adapted from Burke et al., 1995. (II) Histological sections of Mus 
musculus. (A) Col2a1 expression defines the developing cartilaginous structures of the forelimb in a 10.5 day 
forelimb. (B) Hoxc6 expression in a serial section of a 10.5 day forelimb. (III) (G) Col2a1 probe defines the 
deverloping precartilaginous model of the scapula (arrow) and of the glenoid cavity/scapulo-humeral joint 
(arrowhead) at 11.5 days. (H) Hoxc6 expression in a serial section at 11.5 days. Note its expression in the region of 
the scapulo-humeral joint. Adapated from Pellegrini et al., 2001.  
 
 
 
 
 
 
 
 
Figure 2.3. Adapted from Keyte and Smith, 2010. Schematic of the shift in Hoxc6 expression in mouse vs. 
opossum. 
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Figure 2.4. Adapted from Kunjper et al. 2005 [47]. In situ hybridization of Emx2 in E10.5 Mus musculus.  
 
 
 
 
 
I 
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Figure 2.5. (I) Adapted from Pellegrini et al., 2001 [45]. Histological section of a 10.5-11 day Mus musculus 
forelimb demonstrating the expression of Pax1 in the presumptive gleno-humeral joint. (II) Wilm et al. 1998. Left 
scapula from Mus musculus. (M) Wildtype scapula and clavicle; sp, spine; co, coracoid process; a, acromion; c, 
clavicle. (N) Heterozygotic Pax1 mutant. (O) Homozygotic Pax1 mutant. Note the missing acromion and scapular 
spine (arrow).  
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Figure 2.6. Adapted from Capellini et al. 2010 [39]. (I) The wildtype (WT) and Emx2-/-knockout morphology is 
shown of E13.5 Mus musculus shoulder blade. (II) Hoxc6 expression in a control or Emx2 KO Mus musculus. 
Results indicate that Hoxc6 expression is not altered by the lack of Emx2 (black arrows). 
 
  
 
 
Figure 2.7. Adapted from Kuijper et al. 2005 [50]. RNA in situ hybridization in E10.5 Mus musculus for Alx4 (A) 
wildtype, (B) Shh homozygous mutants, and (C) Gli3 homozygous mutants. Note the Gli3 and Shh-dependent and 
independent regions of Alx4 expression by comparison. 
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Figure 2.8. Adapted from Kuijper, 2005 [50]. Skeletal staining of the shoulder girdle of E16.5 Mus musculus 
embryos with alzerian red and bromomysin blue for developing bone and cartilage, respectively, in wildtype (A), 
Alx4 homozygous mutants (G), Alx1(a.k.a. Cart1) homozygous knockouts (H), and the double knockout (I). Black 
arrows indicate the reduction of the anterior part of the scapular blade, in the acromion and rostral spine, in Alx4-/- 
Cart1-/- compound mutants. Note: Cart-/- is synonymous to Alx1.  
 
 
 
Figure 2.9. Adapted from Keyte and Smith, 2010 [44]. The expression of common limb patterning genes is 
compared to other developmental events in opossum and mouse. Note that on the scale of non-limb developmental 
events, limb patterning genes occur earlier in the opossum than in the mouse. Somite numbers are given in 
parentheses. FL, forelimb; HL, hind limb.  
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Figure 2.10. In situ hybridizations results for Hoxc6 and Pax1 in Monodelphis domestica and Mus musculus 
embryos at various limb bud stages. Hoxc6 is associated with coracoid development and expression is seen at all 
limb stages in Monodelphis. Monodelphis Hoxc6 in situs were completed by Anna Keyte. In contrast, expression is 
restricted to a shorter period in Mus. Expression is seen at all limb stages for Pax1, a target gene associated with the 
acromion, in both Monodelphis and Mus.  
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Figure 2.11. In situ hybridizations results for Emx2, Alx4 in Monodelphis domestica and Mus musculus embryos at 
various limb bud stages. Emx2 and Alx4 are associated with scapular blade development and expression is seen at all 
limb stages in Monodelphis. In contrast, expression is no longer present at limb stage 8 in Mus.  
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A. Hoxc6    B. Pax1 
 
 C. Alx4    D. Emx2 
 
 
Figure 2.12. Relative expression levels of scapular target genes in Monodelphis domestica and Mus musculus for 
Hoxc6 (A), Pax1 (B), Alx4 (C), Emx2 (D). Results were obtained through quantitative PCR using the control gene 
18S.  
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Figure 2.13. Adapted from Capellini et al. 2010 [39]. (I) Wildtype (WT) and Pbx1-/- knockout morphology is 
shown of E13.5 Mus musculus shoulder blade. (II) Expression of Hoxc6 is analyzed in E11.5 Mus musculus with in 
situ hybridization, for a control and for a Pbx-/-. Note Hoxc6 expression in the proximal anterior limb bud (black 
arrow) is expanded with Pbx-/- (blue arrow).  
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Figure 2.14. (I) Adapted from Kuijper et al. 2005 [47, 50]. In situ hybridization expression in E10.5 Mus musculus 
of  Tbx15. (II) Adapted from Zuniga, 1999 [58]. In situ hybridization expression in E10.5 Mus musculus of Gli3. 
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Figure 2.15. Adapted from Capellini et al. 2010 [39]. Schematics of hypothesized relationships between scapular 
blade pattering genes. 
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2.6 Tables 
 
Gene Transcript Forward  Reverse 
Mus Hoxc6 Probe courtesy of Capecchi Lab 
Mus Alx4 ENSMUST00000042078 AAGGCCAGAAGCAACACCT 
GCCAACTCTTGGC
TATGCTG 
Mus Emx2 ENSMUST00000062216 ACGACACAA GTCCCGAGAG 
CAATTCTCCACCG
GTTAATG 
Mus Pax1 Probe courtesy of Anderson Lab 
Monodelphis 
Hoxc6 In situ hybridizations courtesy of Smith Lab 
Monodelphis Alx4 ENSMODT00000025232 CAGAACCCATCTTGGATTGG 
CACTGTGCTCCTT
GGCCTT 
Monodelphis Emx2 ENSMODT00000011951 CTACCCCTGGCTTATCCACA 
CGAACCCTCTTCC
TCTAGCTT 
Monodelphis Pax1 ENSMODT00000007833 AAATCCTGGCGAGGTACAAC 
TTGTAAGGCAGT
GCCGGT 
 
Table 2.1. Primers designed in Primer Express 2.0, used for PCR amplification of genome regions for in situ 
hybridization probes.  
 
Gene Transcript Forward  Reverse 
Mus Hoxc6 ENSMUST0000001711 ACACAGACCTCAATCGCTCAGG 
ACCCCACTGTGC
GAATTCATT 
Mus Alx4 ENSMUST00000042078 ACTTTGCTGCAAGGATGCCA 
TGCCCTGCACAC
CCAAACA 
Mus Emx2 ENSMUST00000062216 
CAGTCTCAGTC
TTACGGAAACT
CAG 
GAATTTCGTTCT
CCGGTTCTG 
Mus Pax1 ENSMUST00000109968 TGTAAGCTACCGAGTGCATCCG 
TGTAAGCTACCG
AGTGCATCCG 
Monodelphis 
Hoxc6 ENSMODT00000027151 
TCCCCAAGACC
AGAAAACCAG 
CCCCACTGTGCG
AATTCATT 
Monodelphis Alx4 ENSMODT00000025232 TCTCCTGCTACGGCAAAGAAG 
GGTAGTTGCTGT
CCATCCCAA 
Monodelphis Emx2 ENSMODT00000011951 
GCCTCACGGAA
ACTCAAGGTAA
A 
TCCGAACCCTCT
TCCTCTAGCT 
Monodelphis Pax1 ENSMODT00000007833 GCCCCTCCAAGTCTTTCCACT 
TGCTGGTTGGAG
GAAGGATAGG 
 
Table 2.2. Primers designed in Primer Express 2.0, used for quantitative PCR amplification of the candidate genes. 
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